We have previously described a sensitive bacterial test for detecting carcinogens as mutagens. We show here that 89% (150/169) The present work stems from a biochemistry class experiment in which hundreds of commercial products were tested for mutagenicity. Only two products were found to be mutagenic: cigarette smoke tar (8) and an oxidative-type hair dye.
We have previously described a very sensitive and simple bacterial test for detecting chemical mutagens (1) (2) (3) . The compounds are tested on petri plates with specially constructed mutants of Salmonella typhimurium as tester strains. Several tester strains were selected for sensitivity and specificity in being reverted from a histidine requirement back to prototrophy by a variety of mutagens. One strain (TA1535) detects mutagens causing base-pair substitutions and two (TA1537 and TA1538) detect various kinds of frameshift mutagens. In addition to the histidine mutation, we have added to each tester strain two additional mutations that greatly increase its sensitivity to mutagens: one causes loss of the excision repair system and the other loss of the lipopolysaccharide barrier that coats the surface of the bacteria (2) .
A large number of carcinogens have been shown to be mutagens which cause base-pair substitutions in our test (1) (2) (3) . Other carcinogens with aromatic rings have been shown to cause frameshift mutations (2) (3) (4) (5) (6) . We have shown that by adding a microsomal activation system of rat (or human autopsy) liver to the petri plates, a wide variety of carcinogens can be detected as mutagens after they have been metabolized to their active forms (refs. 3, 7-9; and unpublished data). Thus, an important aspect of mammalian metabolism can be duplicated in an in vitro test.
The present work stems from a biochemistry class experiment in which hundreds of commercial products were tested for mutagenicity. Only two products were found to be mutagenic: cigarette smoke tar (8) and an oxidative-type hair dye.
Since 20,000,000 people (10) , mainly women, dye their hair in the U.S. we have made a detailed study of hair dye mutagenicity. 2423 The two main types of hair dyes are the "semi-permanent" or direct color dyes and the "permanent" or oxidative-tN pe dyes in which H202 is used to oxidize aromatic diamines with the production of larger colored molecules which are trapped in the hair shaft. We have concentrated on the oxidativetype dyes since they account for about 75% (11) of the $250,000,000/year hair dye market. The oxidative dye package consists of one bottle containing a mixture of aromatic amines, aromatic nitro derivatives, and phenols in a vehicle liquid (12, 13) , and a bottle of H202 with which it is mixed immediately before use. RESULTS
We first tested about 30 (14) . The hair dye component that was most active in reverting TA1538 is the very closely related compound 2,4-diaminoanisole (a CH3O-group is substituted for a CHMgroup) which we find is about 30 times more active than the toluene derivative. Addition of human (3) or rat liver microsomes gives very similar results with these two compounds.
We have previously shown that many carcinogenic aromatic amines or aromatic nitro compounds revert strain TA1538 (3, 9) . For example, we have repeated our dose-response curve for benzidine .2HCl (3), an aromatic diamine which is a carcinogen for humans, and find it similar in activity to m-phenylenediamine. The dose-response curves have been duplicated with the purest chemicals available commercially (Aldrich or Eastman). Nevertheless, many of these compounds are easily oxidized in air and it is quite possible that these (or other) impurities could account for the mutagenicity of some of the less active compounds (see below). The aromatic amines ( Fig. 2 ) all require activation with microsomes (5-9) for mutagenesis; this is characteristic of a variety of aromatic amine carcinogens (3, 5, (7) (8) (9) . Nitro carcinogens, such as 2-nitrofluorene) mutate the bacteria without microsomal activation (2, 9) because the bacteria contain nitro reductases which activate them (as do mammalian cells). Thus, 4-nitro-o-phenylenediamine could account for most of the mutagenicity of those hair dyes that do not require microsomal activation. [It is added to hair dyes as a direct color and is not appreciably oxidized by H202 (12, 15) ].
In one case, Natural Dark Brown no. 120, the mutagenic activity measured without microsomes can be exactly There is a marked increase in mutagenicity of certain hair dyes upon mixing with H202 and in order to identify some of the responsible ingredients, we have treated all of the individual nonmutagenic components of the hair dyes with H202. After oxidation, p-phenylenediamine gives a very strong mutagenic response with strain TA1538 when S-9 is present. This reaction is known to yield mainly Landrowski's base (12, 13) , a trimer of p-phenylenediamine. We have prepared crystalline Bandrowski's base (16) and have also obtained a sample from J. F. Corbett. Although this compound is entremely active in reverting strain TA1538 (Fig. 2) , it is thought to be only a very minor product in a typical hair dye oxidation (17) . We have also examined the other para diamino compounds, 2,5-diaminotoluene and 2,5-diaminoanisole, which arc weakly active (Fig. 2) . Each of these (at 0.25 mg/ml or 10 mg/ml in hair dye vehicle) was mixed with peroxide and spotted on a petri plate with S-9, as described in Table 1 .
After oxidation, we found over a 40-fold increase in revertants for both compounds. A myriad of products is produced on oxidation when a mixture of about eight amines and phenols is present in hair dye (12, 13) . The main products are open, conjugated 2-and 3-ring indamine and indoaniline dyes. Some minor products with 3-fused rings, such as aminophenazines and aminophenoxazinones, are formed as well (12, 13) .
Although we have examined oxidative-type dyes in most detail, 25 different semipermanent-type dyes were also tested. Most of these were mutagenic as well (see Smokey Ash Brown and Natural Black in Fig. 1 ). The semi-permanent dyes contain a mixture of direct colors (2.4-6 g per dyeing) (15) . A very large number of chemicals are used (12, 15) , including the mutagenic 4-nitro-o-phenylenediamine and such polycyclic substances as aminoanthraquinones. DISCUSSION We (J. McCann and B.N.A.) are presently compiling the results of the Salmonella/mammalian microsome mutagenesis test on the hundreds of carcinogens and non-carcinogens tested in this laboratory and many others. The results compiled so far indicate that about 85% of carcinogens tested are detected as mutagens. These include a wide variety of aromatic amine carcinogens, aromatic nitro carcinogens, azo dyes, aflatoxin, and polycyclic hydrocarbons (3, 9) . Even considering the uncertainty in classifying compounds as noncarcinogens (because of limited data from many cancer pounds classified as non-carcinogens (many close relatives of carcinogens have been tested) have shown mutagenic activity. In addition, it has been our experience that extremely few chemicals in general show mutagenic activity: this includes hundreds of substances tested in the student biochemistry laboratories, complex mixtures such as urine (7), and many hundreds of chemicals about whose carcinogenicity nothing is known.
Despite the possibility that particular classes of bacterial mutagens may be found that are not carcinogenic, it appears that each of the hair dye compounds we have found to be mutagenic has a high probability of proving to be a carcinogen. This conclusion is in agreement with our detection as mutagens of the somewhat related aromatic amines benzidine, 4-aminobiphenyl and f3-naphthylamine (3) , which are carcinogens for humans, and 2,4-diaminotoluene, which is a carcinogen in rats (14) . In addition to a potential carcinogenicity, many of the compounds that are mutagenic for bacteria may be hazardous to humans by causing mutations in the germ line (18) .
We would like to emphasize that our test measures mutagenesis at specific base sequences, e.g., the -C-G-C-G-C-G-C-G sequence (6) Because a large fraction of the U.S. population uses hair dyes, we feel it is important to discuss the evidence concerning human absorption of hair dye components, the carcinogenicity of the substances, and the possible human risk involved. As an aid in the discussion, we note that the three meta diamines are the series m-phenylenediamine, 2,4-diaminotoluene, and 2,4-diaminoanisole, and that the three para diamines are pphenylenediamine, 2,5-diaminotoluene, and 2,5-diaminoanisole: both a para compound and a coupler, such as a meta compound or resorcinol, are needed for proper dye formation on oxidation (12, 13).
Absorption of Hair Dyes in Humans. Surprisingly little has been published about the absorption of the various components of hair dyes through the skin of the human scalp. Kiese et al. (19) have published an excellent study, though only on one of the amines in oxidative hair dyes. They examined the urine of five volunteers who had used a simplified hair dye preparation consisting of the liquid vehicle containing detergents, 1.38 g of 2,5-diaminotoluene (the para compound), resorcinol (the coupler), and H202. They found that the diacetyl derivative of the 2,5-diaminotoluene was excreted in the urine for 2 days after hair dyeing, the average amount being 3.66 mg per person. From a measurement of the recovery factor (they injected the same volunteers with 2,5-diaminotoluene and determined that 48% appeared in the urine as the diacetyl derivative), they calculated that, at a minimum 4.6 mg of 2,5-diaminotoluene must have been absorbed during hair dyeing; this was 0.33% of the original 1.38 g (2.5 g of the H2S04 salt) applied. The percentage of free diamine absorbed was probably much more than 0.33% since only a small portion of the 2,5-diaminotoluene applied to the scalp would not react with hydrogen peroxide and be present as free diamine. In addition to the 4.6 mg of 2,5-diaminotests on rodents), relatively few (< 10%) of the comHair Dyes Are Mutagenic 2425 toluene absorbed, its reaction product with resorcinol, an indoaniline dye (13) , and other products were probably absorbed and metabolized, but the methods of Kiese et al. were only designed for determining the urinary metabolite diacetyl 2,5-diaminotoluene. It is possible that some of the highly mutagenic oxidation product mentioned previously was formed and absorbed to some extent. Facile absorption of more complex amine molecules is also indicated by experiments with dogs (20) showing that Bandrowski's base is absorbed through the skin. Moreover, many aromatic amines, and diamines such as benzidine, are absorbed well through human skin (21, 22) . Thus, we believe it is reasonable to estimate that a woman undergoing one hair dyeing (with about 4 g of amines) could absorb as much as 40 mg (1%) (14) reported that rats fed 2,4-diaminotoluene at 0.06% and 0.1% of the diet showed 63% (7/11) and 100% (15/15) liver tumors, respectively. This followed up a much earlier, but less definitive study by Umeda (23) showing that its subcutaneous injection in rats caused 100% (9/9) sarcomas: 56 mg total dose (240 mg/kg). We have been informed that the National Cancer Institute studies on the three chemicals, by feeding to both rats and mice, have not yet been completed.
Two carcinogenicity studies involving topical application to the skin of rodents of hair dye mixtures containing the above three chemicals, have been sponsored by cosmetic industry groups. Topical studies approximate more closely the actual conditions of use and, more importantly, test the mixture of compounds produced in a hair dye oxidation not just the ingredients. The two studies appear to us, however, to be quite inadequate for the purpose of showing safety for hair dye users and we therefore discuss them briefly. Kinkel and Holzmann (24) , on behalf of German hair dye firms, did a long term (2'/2 year) study on carcinogenicity of a hair dye mixture containing 2,4-diaminoanisole, 2,5-diaminotoluene, resorcinol, vehicle, detergent, and peroxide, which were applied topically to the back of rats. They used no positive control. The experimental and control animals showed no statistically significant difference in type and incidence of tumors. For example, 28% female rats with cancer (14/50) in those treated with 2,4-diaminoanisole (approximately 7 mg/kg applied twice weekly for 2 years) as compared to 21% (26/125) not receiving this substance, is 7% excess of rats with cancer, but this can be attributable to chance. This experiment, therefore, could not have detected a chemical that increased cancer by 5%. However, a 5% excess of cancers in humans would be 1 million people out of the 20,000,000 at risk. Thus, it obviously is necessary to perform experiments with rats in which the variation attributable to chance is well below the 7% value. The statistical limitations of small numbers of animals are usually overcome by using much higher doses of the chemical in the animal than the human is exposed to: this wasn't done in these two studies. The amount of 2,4-diaminoanisole currently used in hair dyes is about 600 mg/dyeing (10 mg/kg) (C . Burnett, personal communication) . Thus, if a woman dyed her hair monthly for about 2 years (equivalent dose based on the surface area comparison*) or for about 12 years (based on the mg/kg comparison*) she could* have been exposed to a cumulative applied dose equivalent to that of the rats above.
A similar type of carcinogenicity study (11) , also reported as negative, has been done by dyeing mice topically (50 of each sex per test group) using three formulations, each with a different one of the meta compounds. This study used much smaller doses (about 1.6 mg/kg) and fewer total dyeings (weekly for 18 months), the animals were sacrificed immediately after the last application, and as a whole the study is even more inadequate for the evaluation of safety for humans at an acceptable risk factor.
Carcinogenicity Studies on Other Hair Dye Chemicals. A N.C.I. study on feeding rodents 2-nitro-p-phenylenediamine and 4-nitro-o-phenylenediamine also has not been completed (U. Saffiotti, personal communication). The para compounds p-phenylenediamine and 2,4-diaminotoluene have been tested in the topical studies mentioned. The Cosmetic, Toiletry, and
Fragrance Association has started a canccr and reproduction study, to test compounds in hair dyes by topical application in rodents.
In conclusion, we do not find that the reported cancer studies provide convincing evidence of hair (lye safety in view of the variety of mutagenic compounds present in hair dyes, the carcinogenicity of many aromatic amines, and the close structural relationship of the mutagen 2,4-diaminoanisole to the carcinogen 2,4-diaminotoluene. If topical studies are to be among those used it is apparent that thousands of animals, higher doses, and lifetime studies are necessary to overcome the statistical limitations due to spontaneous tumors. In addition, it seems essential to use a relevant positive control (e.g., benzidine), to use rats and mice and perhaps other species (e.g., 03-naphthylamine, a potent human carcinogen, is weak in rats and mice) (27) , and to measure the actual absorption of the material in the test animal as compared to humans.
It is particularly important to determine the kinds and amounts of chemicals actually excreted in human urine after hair dyeing (we are informed that industry now plans to do this). The Salmonella/microsome system could be used for detecting mutagenic metabolites in urine (7) (33, 34) , is five times as high in the U.S. as in Japan, and is thought by many epidemiologists to have an environmental cause (35). It would also be of interest to look at the incidence of birth defects among children born to women who dye their hair: if these chemicals are mutagens for humans, the cost to society of damage to the germ line may be even greater than that due to cancer (18 
